This paper deals with the implementation of a theoretically described method to determine residual stresses in real space directly by means of small gauge volumes. For this purpose, beam limiting masks were designed, manufactured and investigated in first experiments. Image series taken with a position sensitive CCD-camera demonstrate the ability to detect interferences from gauge volumes beneath the sample surface by defined slit geometries. The experiments show that due to the highly absorbing masks the amount of detectable photons is poor, and thus long exposure times are necessary to receive suitable data. For increasing measurement depths (altering masks) a decrease in the intensity can be detected which leads to the assumption that the diffracted photons originate from deeper regions in the material. A model was developed to simulate the diffraction conditions with different mask layouts and material properties. Modeling yields consistent results with experimental data, and thus provides a basis for further improvements of the experimental setup and the realization and assessment of residual stress measurements.
INTRODUCTION
Residual stresses affect the mechanical properties as well as lifetime of technical components since they have to be superimposed with load stresses [1] . Especially in near surface regions complex residual stress fields can occur due to surface treatment like machining or shot peening. Such treatments induce long-range gradients of macro and micro residual stresses, and a transition from a biaxial surface stress state to a triaxial volume stress state can often be observed. Hence, the knowledge of the near surface residual stress profile in real space is an important factor for engineering design.
The determination of residual stresses by diffraction techniques is a widely used method. Conventional Laplace methods thereby determine mean stress values within the X-ray penetration depth τ. In case of small variations of the residual stresses over τ, discrepancies between real space stresses σ(z) and the measured ones σ(τ) are negligible. This assumption usually does not hold when determining in depth stress distributions of surface treated alumina samples, where steep stress gradients can often be observed [2] .
The residual stress σ ij deduced by the Laplace method can be described by
where ij denotes the stress direction, z the depth in real space, τ the X-ray penetration depth and V the volume of reflecting crystallites. To calculate residual stresses in real space from σ(τ) profiles -being those the engineer is interested in -equation 1 accounts for mathematical approaches like inverse Laplace transform. Due to measurement uncertainties and the limited number of trail functions in Laplace space, the inverse Laplace transform often yields erroneous stress gradients which tend to oscillate with increasing degree of polynomials. The approach of linear numerical inversion [3] is more tolerant against data noise, but also leads to oscillating zprofiles when using wrong (user defined) parameters. A general difficulty in the inversion procedures is that the applied fit functions are often ill conditioned due to the absence of measurement data with increasing penetration depth.
The use of highly absorbing beam limiting masks offers a suitable way to overcome these difficulties by limiting the irradiated volume, defined by the mask design, to a degree in which no significant change of the residual stress state can be considered. The idea for such masks was theoretically described by Predecki et al. in 1993 [4] , and investigations on its practical implementation are given in this paper. The conceptual design is of one mask for each measurement depth and tilt angle ψ. In the following, the basic boundary conditions for the mask design, their production and use in first experiments is described. The findings are discussed in comparison with simulation results.
EXPERIMENTAL DETAILS
For the experiments a single phase alumina ceramic with a grain size smaller than one micron was used. The sample was deep ground to induce stress gradients in the near surface region. To provide a basis for the simulations and for comparisons with the results from the mask experiments, the gradients were characterised applying the Laplace method. The measurements were carried out at the synchrotron beamline G3 at HASYLAB using X-ray energy of 6.930 keV (Cokα). A radial divergence limiting collimator in front of a scintillation counter was applied to analyse the photons diffracted by the {116} lattice planes. The Laplace space stress profiles σ(τ) were calculated by means of the Universalplot method [5] and converted to real space applying inverse Laplace transform. Therefore different exponentially damped polynomial functions (representation in real space), as given in equation 2, were fitted to the experimental data σ(τ) and transformed to real space afterwards.
Laplace space Real space
Herein, σ is the residual stress, τ the penetration depth, z the depth in real space and n polynomial degree. The parameters A n and B describe profile shape and dampening strength of the trail functions. Figure 1 illustrates the resulting stress profile σ 11 (z) which provides the stress reference for the mask experiments and simulations. It agrees well with stress distributions predicted and described in literature for ceramic materials [2] where the thermal effects are much smaller than mechanical surface plastification.
According to the idea of Predecki to measure real space stresses directly, highly absorbing beam limiting masks with slit geometries have to be fixed on the specimen surface. The masks define volume fractions in the material. The realization of this idea yields a principal mask design for symmetrical diffraction as shown in figure 2. The two slit pairs in the absorbing layer result rhomboid-like gauge volumes (GV) beneath the sample surface. The slit width b defines the height h of the gauge volumes and the slit distance a its depth t in the material. To reduce diffraction signals from deeper gauge volumes (GV 2, at depth s), the distance between two slit pairs c was chosen such that the contribution from these GV 2 to the overall signal is less than 10%. The mask layout was written by UV-lithography and a subsequent gold galvanization was applied to establish the absorbing layer on a polyimide covered silicon wafer. Further details on the mask processing and design are given in [6] .
All mask experiments were carried out at the G3 beamline at HASYLAB in Hamburg using monochromatic synchrotron radiation. The beamline is equipped with the position sensitive CCD camera 'MAXIM' -featuring a resolution of 1 Megapixel -which applies a Multichannel-plate (MCP) for two-dimensional collimation of the diffracted beam [7] . The CCD-MCP-system provides a spatial resolution down to r MCP = 13 micron/pixel which is necessary for the mask experiments. The sample mask system was analysed in ω-2θ-mode by moving the CCD camera in a 2θ-range of 0.6° around the {300} reflection of the alumina (2θ 0 = 81.24°). Omega was set to 30° for all measurements and thus a tilt angle ψ of 10.6° resulted.
RESULTS AND DISCUSSION
Measurements have been made with four different masks (No. 04, 08, 12 and 16), each designed to achieve gauge volumes in different depths in the material. All masks have a slit width of b ~ 11 µm and a slit pair distance of c ~ 350 µm. To define different depths of the gauge volumes GV 1 in the sample, the slit distance a varied from 37 µm for mask no. 04 to 54 µm, 72 µm and 90 µm for the masks no. 08, 12 and 16, respectively. A microscopy image taken from a cross section of mask no. 16 is shown in figure 4 where two slits in the gold layer can be observed. The gold absorber is covered by Polyimide layers on both sides to protect it from damage. The rough and broadened appearance of the gold layer is caused by silicon particles broken off the mask substrate during preparation of the micrograph.
The white lines on the right side of figure 4 describe the path of the incoming X-ray beam whereas the lines on the left show the diffracted beam. The irradiated gauge volume, shown here by the white rhomboid, is defined by the beam path and therefore dependent on the diffraction angles ω and ψ as well as the mask geometry parameters a, b and c. Each sample mask system was analysed with the described setup in a 2θ-range from 80.93° to 81.53° using increments of 0.05° so that 13 images per mask were captured. The chosen 2θ-range covers the whole {300} diffraction peak of the underlying alumina specimen, to allow for peak integration and, if possible, also to deduce residual stress gradients. Due to the poor diffracted intensity and the single crystallite spots, however, sufficient information could not be extracted from the single images. Hence, all 13 images were merged together so that single crystallite spots could be reduced as well as the data noise caused by the dark current of the CCD camera. Mathematically, this means an integration of the intensity I(x,y,2θ) over 2θ. The resulting images I int (x,y) are displayed in the upper figure 5 for mask no.04 and 08. The dark and shaded areas represent alumina crystallites which fulfil the Bragg condition and give an idea of the slit structure of the masks. Integrating over the whole interference profile (all 13 images), however, makes a residual stress determination impossible since only the peak area remains. The diagrams in figure 5 show the integrated intensities over y-direction, I int,y (x), for mask no. 04 which is intended to generate gauge elements close to sample surface according to its layout (left) and mask no. 08 seven micron deeper in the material (right). Each peak represents the diffraction signal of one gauge volume. From these diagrams two important consistency checks were carried out giving evidence for the principal function of the masks. Gaussians were fitted to the intensity peaks using least squares method and the mean distance d m between all neighboured peaks was calculated for each mask. In consideration of the projection between mask surface and MCP plane the distance of two gauge volumes can be calculated by d exp , which is given due to their specific layout (see figure 2) . Mask no. 04 shows the highest deviation from reference. This can be assigned to the poor diffracted intensity leading to the highest uncertainty of all masks.
Figure 5: Intensity images I int (x,y) of mask no. 04 and 08 (top). The integration over 13 single images I(x,y,2θ) yield a reduction of single crystallite spots and data noise. Further integration of I int (x,y) over y-axis emphasises the slit character of the masks (bottom). Each peak represents one gauge volume in the material.

Figure 6: Distance between two gauge elements determined by integrating the MAXIM images compared to the reference distance calculated from the mask layout (left). Measured versus simulated intensity deriving from gauge volumes located in different depths in the material using different masks (right).
The most important mask property is the definition of gauge elements in a specific material depth. Thus increasing beam attenuation with increasing penetration depth can be assumed like plotted for the natural X-ray intensity I(z) of Cokα radiation in alumina. To prove this behaviour for each gauge volume the diagrams in figure 5 were additionally integrated over x-direction yielding an integrated intensity I int,y,x which is represented by the dark triangles in figure 6 . Although mask no. 04 should be closest to surface it shows the weakest intensity. Then a strong increase can be observed for mask no. 08 before the detected intensity becomes smaller again for mask no. 12 and 16 as expected from their slit design. The weak response of mask 04 needed to be clarified. Therefore a model was developed which calculates the diffracted intensity from the gauge volumes (GV) under consideration of the specific mask geometry, the diffraction angles and the mass absorption in the material. Due to the rhomboid shape of the GV the intensity from each material depth has to be weighted by its related volume fraction which can be described by 
Herein A' is the derivative of the gauge area A with respect to the depth z and means the incremental growth of the GV cross section. The length l of the GV is independent from z and is thus neglected in all following calculations. To clarify the incremental growth A', a cross section of one GV is sketched in figure 7 by the dashed line. It can be subdivided into three parts: 1 st is from h 0 to h 1 with an increasing area gain per depth increment, 2 nd from h 1 to h 2 where A' is constant and 3
rd from h 2 to h 3 with a decreasing A'. This relation is illustrated by the solid line and yields in consideration of the X-ray absorption to the intensity reflected from the GV ,
where I 0 is the initial intensity and τ ω the penetration depth in ω-mode. The integration limits are given by h 0 and h 3 assigning the depth position of the GV in the material. Using these limits for each mask and assuming a distance of 18 µm between absorbing layer and sample surface the resulting intensity I GV can be calculated. The results, marked by open diamonds, are plotted in figure 6 where the depth position is given by the centre of gravity of each GV, based on the mask geometry and the beam path. To point out its dimensions the rhomboid GV labelled with the mask numbers are additionally given in the diagram.
For comparison of experimental and simulation results, all values have been scaled to the intensity of mask no. 04. The results show a very good agreement for three of four masks. Mask no.08 differs from the simulated results but shows at least the expected tendency. The differences are probably caused by single intensity spots deriving from large crystallites. This behaviour clarifies the main problem of the masks: the poor diffracted intensity from all GV and the random appearance of large crystallite spots which depend on the location where the mask is fixed on the sample.
The simulation gives furthermore the answer for the small detected intensity using mask no. 04. Its gauge volumes are not completely buried in the material as displayed in the right diagram of figure 6. According to its layout, however, the gauge volumes should be located almost 10 µm beneath the surface. Taking the maximal surface roughness R t = 2.3 µm into account since the masks lie on the top of these roughness peaks, 7-8 µm remain undefined. This discrepancy is probably caused by the sample corrugation (not determined) or to small particles between mask and sample respectively.
Regarding the uncertainties of locating the gauge volumes exactly during the measurements improvements are necessary for future experiments. Therefore a precise alignment system will be used allowing a step size in sub-µ-range. To improve grain statistics a lateral movement of the ( )
specimen under the fixed mask combined with an increase of the exposure time is planned. This movement has the additional advantage that large single crystallite spots will be reduced or even eliminated. This will result in a considerably more homogeneous camera image which is essential for the aspired residual stress determination.
SUMMARY
The analysis has shown part of the practical realization of the theoretical approach of Predecki to measure stress gradients in real space. The gold masks were used in diffraction experiments and the principal function of the masks could be demonstrated. The MAXIM images indicate that all masks are penetrable for X-rays in defined areas and the thin gold layer ensures a high X-ray absorption in all other regions.
The analysis of the taken image series could confirm the geometric mask layout where all gauge volumes could be clearly indicated by reflecting crystallites. Signal integration yields the mean distance between two volume fractions showing a good agreement with the expected values calculated from the mask layout.
From the integrated images, determined for each mask, a decreasing intensity was found with an increasing depth of the gauge volume. This behaviour could be assigned to the X-ray attenuation and is consistent with the assumption that the detected photons originate from different depths in the material. A model which considers the diffraction conditions and mask geometries was developed to prove the experimental data. It could be demonstrated that the performed experiments lead to consistent results compared to simulations.
For residual stress determination in real space further work is necessary which involves the improvement of the grain statistics, the elimination of single intensity spots caused by large crystallites and the enhancement of the accuracy concerning the depth alignment of the gauge volume. The model can be used to prove future stress results determined by the masks.
